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NMDA receptors | zinc | glutamate spillover | zinc dynamics | ratiometric zinc sensors | zinc chelators I n many excitatory neurons, the zinc transporter ZnT3 loads high levels of free (readily chelatable) zinc into glutamatergic vesicles. Synaptic zinc is coreleased with glutamate into the extracellular space in an activity-dependent manner, where it modulates the function of many targets, including ion channels and receptors (1, 2) . It is nonetheless controversial whether or not synaptic zinc acts via a classic phasic release mode defined by short-lived, high concentrations of chelatable zinc that diffuse away from the release site (3, 4) . The fact that zinc binds with high affinity to many proteins, and the inconsistent measurements of chelatable zinc after synaptic release, ranging from no detectable to 100 μM levels (1), have led to an alternative hypothesis for the mode of synaptic zinc transmission and action. According to this model, rather than being free to diffuse, synaptic zinc is postulated to remain bound to presynaptic membrane or protein structures forming a "veneer" of zinc in the synaptic cleft (5, 6) . This socalled zinc veneer model predicts that synaptic zinc modulation is mediated by slow buildup of an extracellular layer of zinc ions during synaptic activity, referred to as tonic zinc signaling.
A recent study suggests a mixed mode of zinc release and action, whereby zinc is phasically released but acts in a tonic-like manner because trains of action potentials are required to inhibit synaptic NMDA receptors (NMDARs) at mossy fiber synapses (7) . However, this study directly contradicts previous findings at mossy fiber synapses showing that only a single action potential invading a mossy fiber axon is capable of releasing a sufficient amount of zinc to inhibit NMDARs (8) . Such conflicting conclusions prevail in many imaging and electrophysiological studies addressing the mode of mobile zinc transmission and action (5, (7) (8) (9) (10) (11) (12) (13) , obfuscating the physiological role of zinc in neurons.
The inability to resolve fundamental questions about synaptic zinc transmission is due in part to the lack of zinc-sensing fluorescent probes and zinc-chelating agents optimized for quantifying and interrupting localized, rapidly released synaptic zinc ions. To address the quantitation issue, we synthesized an extracellular ratiometric fluorescent zinc sensor (LZ9) for accurate measurement of chelatable zinc levels. To identify the most appropriate zinc chelator we compared the affinity and kinetics of zinc chelation of three widely-used extracellular zinc chelators, ZX1, CaEDTA, and tricine (7, 8) . We subsequently chose ZX1 and applied it together with LZ9 in electrophysiological, laserbased glutamate uncaging and imaging investigations of mobile zinc in WT and genetically modified mice that lack ZnT3, the transporter that loads presynaptic vesicles with zinc. We studied zinc-dependent neuronal activity in cartwheel cells, a class of inhibitory interneurons in the molecular layer of the dorsal cochlear nucleus (DCN) that receive glutamatergic input from synaptic zinc-rich parallel fibers (13) (14) (15) . The DCN has a cerebellum-like organization, and cartwheel cells share common morphological, ontological, and physiological features with cerebellar neurons (15, 16) . One of the major physiological properties of cerebellar molecular layer interneurons is the expression of extrasynaptic NMDARs that are activated by glutamate spillover in response to short trains of parallel fiber action potentials
Significance
As an essential element for living organisms, zinc is a cofactor in many enzymes and regulatory proteins. After the surprising discovery of mobile zinc in synaptic vesicles throughout many areas of the brain, numerous investigators have studied its possible roles during neurotransmission. Nonetheless, knowledge of the physiology of zinc at the synapse is still in its infancy. Here, we show that synaptic and tonic zinc inhibit extrasynaptic NMDA receptors (NMDARs), which are widely distributed in the CNS and are important for normal and pathological excitatory signaling. Our work indicates that this newly discovered interaction between zinc and extrasynaptic NMDARs can provide a general mechanism for controlling neuronal excitability in the CNS. (17, 18) . Because zinc inhibits NMDARs with high affinity (19, 20) , and because synaptic zinc must act in a phasic manner and diffuse away from the release site to inhibit extrasynaptic NMDARs, we investigated whether synaptic zinc modulates extrasynaptic NMDARs in cartwheel cells.
Results
Activation of Extrasynaptic NMDARs by Glutamate Spillover. First, we characterized the activation of extrasynaptic NMDARs in cartwheel cells (Fig. 1A) . A single stimulus to parallel fibers caused robust AMPA receptor (AMPAR) excitatory postsynaptic currents (EPSCs) but failed to elicit or elicited very weak NMDAR EPSCs (Fig. 1B, Left) . Because AMPARs have a lower affinity for glutamate than NMDARs (21), robust AMPAR EPSCs from a single stimulus suggests that AMPARs are closer to the release sites than NMDARs. Consistent with this hypothesis, a 100-Hz stimulus train of five pulses caused NMDAR activation at +40 mV (Fig. 1B, Right) , and summation of AMPAR EPSCs at −70 mV, suggesting buildup of glutamate in the extracellular space during the train and activation of extrasynaptic NMDARs by glutamate spillover to extrasynaptic locations (17, 22) . Consistent with this conclusion, increasing the stimulus frequency over a wide range of frequencies resulted in larger NMDAR EPSCs ( Fig. 1 B and  C) . Whereas an NMDAR EPSC was activated at stimulus frequencies ≥5 Hz, increasing the stimulus intensity also revealed a slow NMDAR EPSC in response to a single electrical pulse, but always at intensities higher than those required for AMPAR EPSCs (Fig. 1D ). This result suggests that synchronous activation of a larger number of fibers (synapses) leads to "pooling" of glutamate that is capable of activating extrasynaptic NMDARs. Because even weak stimuli probably activate more than one parallel fiber in the DCN (23) , pooling of glutamate in response to a single stimulus is consistent with the small NMDAR EPSCs following a single electrical pulse. Together, these results suggest that low-frequency activation of small numbers of parallel fibers generate AMPAR-only EPSCs, but activation of a larger number of fibers (pooling) and/or facilitation of glutamate release (spillover) generate extrasynaptic NMDAR EPSCs.
To further evaluate this hypothesis, we used DL-threo-β-benzyloxyaspartate (TBOA), a glutamate transporter inhibitor that blocks glutamate clearance and enhances glutamate spillover and pooling. TBOA (50 μM) increased the charge carried by NMDAR EPSCs (Fig. 1 E and F) , indicating that glutamate spillover is activating extrasynaptic NMDARs. Consistent with glutamate spillover that depends on the amount of released glutamate (17) , the magnitude of the effect of TBOA was correlated with the initial NMDAR-mediated charge (Fig. 1G) . To further confirm glutamate spillover and pooling at parallel fiber to cartwheel cell synapses, we examined the effect of D-α-amino adipate (D-AA), a low-affinity NMDAR antagonist with the ability to inhibit NMDAR EPSCs, depending on the concentration of glutamate. When glutamate spillover occurs, D-AA is expected to preferentially block the slower components of the NMDAR EPSC, which are activated by slower glutamate transients and lower glutamate concentrations (24, 25) . Consistent with the spillover hypothesis, D-AA (70 μM) decreased the amplitude and sped up the decay of NMDAR EPSCs (Fig. 1H) . To determine whether faster kinetics reflect improved space clamp of the smaller EPSCs in D-AA, we tested the effect of the high-affinity NMDAR antagonist 3-[(+)-2-carboxypiperazin-4-yl]-propyl-1-phosphonic acid (CPP, 1 μM), which caused a similar decrease in the EPSC. Unlike D-AA, CPP did not affect the decay kinetics of NMDAR EPSCs, further validating that the faster kinetics observed in D-AA are due to glutamate spillover and reduced glutamate concentrations at extrasynaptic sites and not to improved space clamp of the smaller EPSCs in D-AA. To confirm that glutamate spillover activates NMDARs at more physiologically relevant temperatures, we measured the effect of D-AA on NMDAR EPSCs at 32°C. At 32°C the NMDAR EPSC decayed more rapidly than at room temperature (Fig. S1A) . Nonetheless, at 32°C, D-AA sped the decay kinetics of the NMDAR EPSC to the same extent as at room temperature ( Fig. S1 A and B Transients from Nanomolar Affinity Zinc-Binding Sites. To investigate whether synaptic zinc inhibits extrasynaptic NMDARs, we first required a rapid zinc chelator to intercept this ion before it reaches these receptors. To determine the most appropriate extracellular chelator, we compared the affinity and rapidity for zinc chelation of three widely-used extracellular zinc chelator candidates, CaEDTA, tricine, and ZX1 ( Fig. 2A) . Previous studies compared CaEDTA and tricine and, based on simulations, concluded that tricine is much faster than CaEDTA and therefore more appropriate for intercepting fast synaptic zinc transients (1). In addition, kinetic studies of zinc binding to CaEDTA or ZX1, by competition with the ditopic zinc sensor ZP3, revealed that ZX1 could bind zinc faster than CaEDTA (8) . Importantly, the use of ZX1 vs. CaEDTA was essential in demonstrating novel roles of synaptic zinc in mossy fiber long-term potentiation (LTP) (8) . However, no study has compared all three chelators and it is therefore unclear whether tricine or ZX1 is more appropriate for studying the roles of mobile zinc in neurotransmission. This choice is an important one for elucidating the functions of synaptic zinc and is highlighted by the discrepancy observed between two recent studies. An investigation using tricine concluded that short trains of action potentials are needed for zinc modulation of NMDARs in mossy fiber synapses (7), but previous work using ZX1, in the same synapses, revealed that a single action potential is capable of evoking zinc-mediated modulation of NMDARs (8) .
To compare the affinity for zinc among the chelators, we performed potentiometric titrations to derive dissociation constants (K d-Zn ) for tricine that could be compared with previously reported data on CaEDTA and ZX1 (Fig. S2) . The derived apparent K d-Zn value, at pH 7.4, I = 0.1 M, and 25°C, is 2 nM for CaEDTA and 1 nM for ZX1 (8, 26) . We found that the apparent K d-Zn under the same conditions was 2.8 μM for the mixture of 1:1 and 1:2 zinc:tricine complexes present in solution at pH 7.4 ( Fig.  S2) , which is consistent with previous empirical calculations (19) . Having confirmed ZX1 and CaEDTA both have much higher affinity for zinc than tricine, we next investigated the metal binding kinetics for the three chelators. For these experiments, we took advantage of fluorescent zinc sensors with known zincbinding affinities. Addition of 100 μM CaEDTA or 100 μM ZX1 to a solution of 1 μM Zn 2 ZPP1 [K d-Zn = 15.6 nM (27)] completely eliminates zinc-induced fluorescence emission (Fig. 2B) . However, even high very levels of tricine (100 mM) were unable to completely attenuate the fluorescence (Fig. 2B) . Notably, 10 mM tricine, the concentration used in previous electrophysiological studies for probing the role of synaptic zinc (7), only reduced the fluorescence by ∼30% (Fig. 2B ). This result suggests that 10 mM tricine is unable to efficiently compete with high-affinity/low-nanomolar zinc-binding sites, such as the high affinity zinc-binding site found in GluN2A-containing NMDARs (19) .
To measure the rate of zinc binding to the chelators, we performed stopped-flow kinetics experiments, where the rate of fluorescence reduction arises from removal of zinc from the prebound zinc-sensor complex by the chelator. For these experiments, we used a weaker-affinity sensor, 2,4-DPA-7-hydroxycoumarin-3-carboxylic acid, or 3- 
Tricine CaEDTA . The second-order rate constants were derived from linear fits of k obs vs. [chelator] . (E) Rate and extent of fluorescence turn-on for a solution of 1 μM ZPP1 upon addition of 50 μM zinc, or 50 μM zinc + chelator (100 μM ZX1, 10 mM tricine, or 125 μM CaEDTA), as measured by stopped flow fluorescence (λ ex = 495 nm, λ em = 495-700 nm) at pH 7.0 in 50 mM PIPES and 100 mM KCl. In the presence of excess zinc, ZPP1 turns on rapidly and completely (time to completion ∼0.02 s). When the same amount of zinc is added in the presence of excess tricine, the rate of zinc binding is diminished ∼30-fold (time to completion ∼0. and Fig. S3 ), which permitted complete turn-off of the zinc-induced fluorescence by 100 μM ZX1, 100 μM CaEDTA, and 10 mM tricine (Fig. 2C) . We added various chelator concentrations to remove zinc from the preformed zinc-sensor complex, which decreased the fluorescence to the initial zinc-free value of the sensor (Fig. S4) . The range of chelator concentrations was chosen based on those applied in electrophysiological experiments (7, 8) (Fig. 2D ). An overlay of selected pseudo-first-order kinetic traces for each chelator at pH 7.0 and 7.4 revealed that ZX1 and tricine both chelated zinc rapidly, whereas CaEDTA was slower (Fig. S4 D and E) . Plotting each observed pseudo-first-order rate constant as a function of chelator concentration afforded second-order rate constants (k 2 ) for each competition (Fig. 2D) . The resulting k 2 value for ZX1 is 4.03 (± 0.07) × 10 5 M −1 ·s −1 , 200-fold larger than those for tricine and CaEDTA (Fig. 2D) . These values demonstrate both the slower first-order chelation rate of CaEDTA and the weaker zinc-binding affinity of tricine.
Next, we took an alternative approach to examine the kinetics of zinc-induced sensor turn-on in the presence of different chelators. Solutions of 50 μM zinc alone and in the presence of chelators (10 mM tricine, 100 μM ZX1, or 125 μM CaEDTA) were added to a solution of 1 μM ZPP1 (low-nanomolar affinity) and the fluorescence turn-on was measured by stopped flow spectroscopy. Maximal fluorescence of ZPP1 was observed in 0.02 s upon addition of 50 μM zinc ( Fig. 2E and Fig. S5 A and B) . In the presence of 10 mM tricine, zinc binding was attenuated briefly, but maximal fluorescence was achieved in 0.6 s ( Fig. 2E and Fig. S5C ). In the presence of 100 μM ZX1 or 125 μM CaEDTA, however, minimal fluorescence turn-on was observed even over 100 s (Fig. 2E and Fig. S5 D and E) . These results further reveal the inability of 10 mM tricine to effectively compete with nanomolar affinity zinc-binding sites but do show that 10 mM tricine delays zinc binding for about 0.4 s. Conversely, ZX1 binds zinc rapidly and completely prevents zinc binding to nanomolar affinity sites at relatively low concentrations and over longer time scales. Collectively, both ZX1 and tricine bind zinc more rapidly than CaEDTA, but tricine cannot compete effectively for zinc binding to nanomolar affinity sites. These results clearly reveal that ZX1 is the most appropriate chelator for investigating the effects of fast, transient elevations of zinc on synaptic targets with nanomolar affinity, such as GluN2A-containing NMDARs.
ZnT3-Dependent Synaptic Zinc Inhibits Extrasynaptic NMDARs. Given the 1 nM affinity for zinc and the fast zinc-chelating kinetics of ZX1 (Fig. 2) , we used this construct to chelate zinc and test whether synaptic zinc modulates extrasynaptic NMDARs. We recorded NMDAR EPSCs at positive potentials where voltageindependent, physiologically relevant zinc modulation occurs with high affinity in GluN2A-containing NMDARs (7, 19, 20, 28) . Application of ZX1 (100 μM) increased the peak amplitude of NMDAR EPSCs evoked by five pulses at 5 and 20 Hz, a result consistent with zinc-mediated inhibition of extrasynaptic NMDARs (Fig. 3 A-C) . When we recorded NMDAR EPSCs at hyperpolarizing potentials, we did not reveal any additional ZX1 potentiation (Fig. S6A) . The lack of zinc modulation of the voltage-dependent, low-affinity zinc-binding site on NMDARs is consistent with zinc-mediated modulation of the high-affinity GluN2A site (19, 29) .
To confirm the origin of this extracellular zinc-mediated inhibition of extrasynaptic NMDARs, we tested the effects of ZX1 on NMDAR EPSCs in DCN slices from ZnT3 KO mice (30) . Zinc chelation did not potentiate extrasynaptic NMDARs in ZnT3 KO mice, confirming that synaptic/ZnT3-dependent zinc inhibits extrasynaptic NMDARs (Fig. 3 A-C) .
Although in vivo recordings from DCN granule cells, the source of parallel fibers, have not been obtained, cerebellar granule cells fire action potentials at rates of up to several hundred hertz in response to mossy fiber input (31, 32) . Given the strong parallels between the cerebellum and DCN, the stimulation protocols of a few pulses at frequencies from 5 to 150 Hz, which we used in our study (see Figs. 3 , 5, and 6), fall well within the physiological range of parallel fiber activity. Moreover, at 32°C, ZX1 potentiated NMDAR EPSCs to a similar degree, indicating that zinc modulates extrasynaptic NMDARs at more physiological temperatures (Fig. S6B) .
Most native NMDARs are composed of two GluN1 and two GluN2 subunits (33) . Because GluN2A-containing NMDARs (GluN1/GluN2A diheteromers and GluN1/GluN2A/GluN2B triheteromers) have nanomolar affinity for zinc, whereas GluN1/ GluN2B diheteromers have micromolar affinity for zinc (19, 20, 34, 35) , we tested whether the inability of ZX1 to potentiate extrasynaptic NMDARs in ZnT3 KO mice was due to a different proportion of GluN2A vs. GluN2B subunits between WT and KO mice. Because GluN2A subunits are differentially sensitive to antagonists compared with GluN2B subunits (20) , we compared the pharmacological profile of NMDAR EPSCs in WT and ZnT3 KO mice in the presence of 100 μM ZX1 (see SI Materials and Methods for details). The inhibitory effect of the GluN2B-selective antagonist ifenprodil (IC 50 values and percent maximal inhibition) was indistinguishable between WT and ZnT3 KO mice ( Fig. 3D and Table S1), indicating no difference between the proportions of GluN2A vs. GluN2B subunits in these animals. Therefore, the differential ZnT3-dependent inhibition of NMDARs between WT and KO mice is probably due to the absence of synaptic zinc in KO mice, and not to a change in the relative contribution of GluN2A vs. GluN2B subunits in the NMDAR EPSCs in the ZnT3 KO. Additionally, changes in the synaptic properties of parallel fibers synapses between WT and ZnT3 KO mice could affect glutamate levels and thus lead to differential glutamate spillover between WT and ZnT3 KO mice. However, previous work has established that the quantal release properties of DCN parallel fiber synapses, namely, the miniature EPSC frequency, amplitude, rise time, and decay time, the baseline release probability, and the short-term plasticity (paired-pulse ratio), are not different between WT and ZnT3 KO (13) . Importantly, glutamate spillover, measured by the effect of D-AA on NMDAR EPSC decay kinetics, was also indistinguishable between WT and ZnT3 KO mice (Fig. 3 E and F and Table S1 ). Therefore, glutamate release and spillover are not altered in ZnT3 KO mice. Together, these results indicate that vesicular, ZnT3-dependent zinc inhibits extrasynaptic NMDARs.
ZnT3-Independent Tonic Zinc Levels Are Nanomolar. ZX1 potentiation of extrasynaptic NMDAR EPSCs could indicate that chelation of synaptically (phasically) released zinc removes extrasynaptic NMDAR inhibition by the metal ion. Alternatively, there might be a tonic level of ZnT3-dependent zinc, arising from spontaneous release of presynaptic vesicles, that inhibits extrasynaptic NMDARs and is independent of synaptic stimulation. To differentiate between these two hypotheses, we quantified the concentration and ZnT3 dependence of tonic zinc. If ZnT3-dependent tonic zinc levels mediate extrasynaptic NMDAR inhibition, we expect them to be significantly smaller in the ZnT3 KO.
To quantify the tonic zinc levels in acute brain slices, we designed a new extracellular ratiometric fluorescent zinc sensor, termed LZ9. Ratiometric probes quantify zinc levels in a manner that is independent of probe concentration. Furthermore, in contrast to intensity-based sensors, ratiometric probes control for instrument variability and background noise, making them less prone to artifacts. LZ9 is composed of the zinc-insensitive red fluorophore lissamine rhodamine B (LRB) linked to a zinc-sensitive green fluorophore [ZP1 (36) ] by a nine-residue-long polyproline helix (Fig. 4A and Fig. S7 A and B) . Blue illumination excites primarily ZP1 and the fluorescence emission in response to blue light is therefore zinc-sensitive. Interleaved green illumination excites primarily LRB, resulting in zinc-insensitive fluorescence (Fig. 4 B and C, Fig. S7 A and B, and Table S2 ). The ratio of these two fluorescent signals is the ratiometric zinc signal (R) ( Fig. S7C ; see SI Materials and Methods for details). LZ9 is selective for zinc ions and it binds zinc with an apparent dissociation constant (K d-Zn ) of 0.57 nM (Fig. S7 D and E and Table  S2 ). After confirming that LZ9 is cell-impermeant (Fig. S7 F and G), we tested whether LZ9 detects changes in extracellular zinc levels. To do so, we evoked synaptic zinc release from the DCN and measured the change in fluorescence with a multiplexed imaging approach (Fig. 4C) . Consistent with anatomical studies (37), the stimulus-evoked, ratiometric response of LZ9 (2 μM) was restricted to the molecular layer of the DCN, which is the location of zinc-rich parallel fibers (Fig. 4D) . The addition of ZX1 attenuated the ratiometric change in fluorescence intensity, confirming that the fluorescence response was due to alterations in extracellular zinc levels following synaptic release (Fig. 4E) . Moreover, no stimulus-evoked change in LZ9 fluorescence was observed in DCN slices from ZnT3 KO mice (Fig. 4F) , revealing that the evoked signal is ZnT3-dependent and that LZ9 fluorescence is not due to protonation under our conditions (38) . These results show that LZ9 is effective and selective for measuring extracellular zinc signals and therefore well suited for quantifying extracellular zinc levels in the DCN.
To quantify tonic zinc levels in DCN slices from WT and ZnT3 KO mice, we incubated the slices in ACSF containing LZ9 (2 μM), measured zinc-mediated fluorescence, and then used the equation shown in Fig. 4H to convert fluorescence ratios to zinc concentration (39) . After reaching a stable (tonic) baseline fluorescence (R tonic ), we obtained R min by zinc chelation with EDTA (4.5 mM), a high-affinity zinc chelator (K d-Zn = 40 fM) (Fig. 4G) . Although EDTA chelates tonic zinc as well calcium, magnesium, and other divalent metal ions in the extracellular space, the fluorescence of LZ9 is only sensitive to zinc (Fig.  S7E) . Therefore, the use of EDTA for estimating R min does not compromise the calculation of tonic zinc levels. Moreover, because EDTA has femtomolar affinity for zinc, it is able to remove tonic zinc from LZ9, which has a subnanomolar affinity (Fig.  S7D) . EDTA therefore provides an accurate measurement of R min in the presence of LZ9. R max was obtained by saturating the probe with ZnCl 2 (5 mM, Fig. 4G ). Conversion of ratios to tonic zinc levels revealed that WT and ZnT3 KO DCN slices had similar extracellular concentrations of tonic zinc of about 1 nM (Fig. 4H) . Because the dynamic range of the probe (see SI Materials and Methods for details) is the same in the slice and the cuvette (81 ± 5% vs. 78 ± 4%, P = 0.4), we conclude that the out-of-focus probe is not saturated in the slice and it therefore does not distort our measurements. Moreover, because Newport Green (2 μM), a fluorescent sensor with lower affinity for zinc (K d-Zn = 1 μM), is significantly less saturated by tonic zinc levels ( Fig. 4I) , we conclude that the K d-Zn of LZ9 is not setting tonic zinc levels, but rather, LZ9 is reporting ∼1 nM tonic zinc levels.
Together, these results demonstrate that the difference in ZX1 potentiation of extrasynaptic NMDAR EPSCs between WT and ZnT3 KO mice ( Fig. 3 A-C) is not a consequence of tonic, ZnT3-dependent zinc levels but rather is due to phasic, stimulusdriven release of synaptic zinc in WT mice. These findings establish synaptic zinc as a neuromodulator that, in response to synaptic stimulation, is phasically released and diffuses to extrasynaptic sites. We thereby resolve a controversy about the ability of synaptic zinc to be phasically released. Importantly, these results provide evidence for synaptic zinc as an endogenous modulator of extrasynaptic NMDARs. Previous studies revealed that synaptic zinc modulates synaptic NMDARs (7, 8, 12, 28) and that extrasynaptic NMDARs are functionally distinct from synaptic NMDARs (40) . In this context, the present results differentiate novel physiological roles for synaptic and tonic zinc in modulating extrasynaptic NMDAR-mediated signaling.
Tonic, ZnT3-Independent Zinc Modulates Extrasynaptic NMDARs.
To determine whether synaptic zinc modulates extrasynaptic NMDARs during higher, but physiological (31, 32) levels of presynaptic activity, we used the same number of pulses but with higher-frequency stimulus trains (five pulses at 100 or 150 Hz). During higher-frequency trains, ZX1 potentiated NMDAR EPSCs in WT mice, but to a lesser extent (Fig. 5 A-C) . The differential effects of synaptic zinc during high vs. low frequencies is not due to differences in the proportions of GluN2A vs. GluN2B subunits recruited at the different frequencies, for no differences in pharmacological sensitivity of NMDAR EPSCs were observed (Table S1) . Moreover, at 32°C, ZX1 had a similar effect in potentiating NMDAR EPSCs (Fig. S8) , indicating similar modulation of NMDARs by zinc spillover at more physiological temperatures. Together, these results suggest that, although glutamate activates more extrasynaptic NMDARs at higher frequencies ( Fig. 1 C and F) , the amount of zinc inhibition of extrasynaptic NMDARs is reduced at these frequencies (reduced ZX1 potentiation at higher frequency, Fig. 5C ). This phenomenon could occur because glutamate diffuses farther than zinc and/or could be the result of faster depletion of zinc compared with glutamate. In either case, this result indicates that, following higher-frequency stimulation and higher levels of glutamate spillover, zinc is less potent in inhibiting extrasynaptic NMDARs.
To determine the origin of zinc that modulates extrasynaptic NMDARs at higher frequencies, we explored the effect of ZX1 application in ZnT3 KO mice at the same higher frequencies of stimulation. We observed that ZX1 potentiated extrasynaptic NMDAR EPSCs at higher frequencies (Fig. 5 D-F) , in contrast to the lack of an effect at lower-frequency stimulation in ZnT3 KO mice (Fig. 3 A-C) . During high-frequency trains, ZX1 potentiated NMDAR EPSCs in WT mice to the same extent as in ZnT3 KO mice (Fig. 5E) , indicating that the origin of this effect is the tonic, ZnT3-independent (nonsynaptic) zinc. Moreover, this result indicates that, during higher-frequency stimulation, synaptic zinc release did not increase free zinc levels above tonic zinc levels at the locations where most extrasynaptic NMDARs were activated (Fig. 5E) . We conclude that, during higher-frequency stimulation, glutamate activates extrasynaptic NMDARs at locations not reached by synaptic zinc; the zinc that inhibits these extrasynaptic NMDARs is ZnT3-independent. Similar to our findings in WT mice, the differential effect of zinc chelation in ZnT3 KO mice during high-and low-frequency stimulation is not due to differences in the proportions of GluN2A vs. GluN2B subunits (Table S1 ). Because extrasynaptic NMDARs activated during high-frequency trains are inhibited by zinc that is not released from synaptic terminals, we hypothesized that this pool of zinc provides tonic inhibition of these receptors. To confirm that this ZnT3-independent pool of zinc is independent of synaptic release-and is therefore tonic zinc-we bypassed synaptic release by activating NMDARs in ZnT3 KO mice with laser-based glutamate uncaging. When we uncaged glutamate in the molecular layer onto the dendritic arbor of cartwheel cells (Fig. 5G) , we evoked NMDAR currents that were potentiated by the addition of the zinc chelator ZX1 (Fig. 5 H  and I ). This result confirms that non-synaptic-tonic-zinc inhibits NMDARs. In addition, zinc chelation with ZX1 potentiated NMDAR currents to the same degree in WT and ZnT3 KO mice (Fig. 5I) , further confirming that tonic zinc levels are ZnT3-independent and inhibit NMDARs activated by either glutamate spillover (Fig. 5 A-F) or glutamate uncaging (Fig. 5 G-I) . These results are consistent with our imaging studies, which revealed nanomolar tonic (ZnT3-independent) zinc levels (Fig. 4 G-I) . Tonic, ZnT3-independent zinc therefore modulates extrasynaptic NMDARs during higher rates of physiologically relevant presynaptic activity. These findings suggest a very general role of zinc even in brain areas that express extrasynaptic NMDARs but do not have synaptic vesicles containing zinc.
Modulation of Extrasynaptic NMDARs by Synaptic and Tonic Zinc
Depends on the Rate of Presynaptic Activity. Higher frequencies of presynaptic stimulation increased NMDAR EPSCs because of increased glutamate release and spillover (Fig. 1 F and G) , suggesting that synaptic (ZnT3-dependent) zinc plays a more dominant role in modulating extrasynaptic NMDARs that are closer to synaptic terminals and activated by lower-frequency stimulation (less spillover) (Fig. 5 B and E) . However, tonic (ZnT3-independent) zinc dominates modulation of extrasynaptic NMDARs that are farther away from synaptic terminals and activated by higher-frequency stimulation protocols (more spillover) (Fig. 5E) . During zinc release, synaptic zinc levels are higher at extrasynaptic sites located closer to synaptic terminals, and tonic zinc levels are higher at extrasynaptic sites located farther away from synaptic terminals.
To test our hypotheses that tonic zinc modulation is preferentially engaged by higher stimulation frequencies and that activation of distant extrasynaptic NMDARs results from larger glutamate spillover, we modified glutamate spillover in ZnT3 KO mice. Our model predicts that blocking glutamate transporters with TBOA will increase glutamate spillover (Fig. 1F) , facilitating glutamate released with lower-frequency trains to diffuse farther and activate extrasynaptic NMDARs located farther away from synaptic terminals. In the presence of TBOA, therefore, tonic zinc should have an effect on extrasynaptic NMDARs activated by low-frequency stimulation. Consistent with this expectation, in ZnT3 KO mice lacking synaptic zinc, TBOA significantly increased the effect of tonic zinc on extrasynaptic NMDARs activated with low-frequency trains (Fig. 6 A  and B) . We interpret this result to be the consequence of increased synaptic glutamate spillover at lower frequencies in the presence of TBOA. An alternative hypothesis is that increased levels of tonic glutamate in the presence of TBOA-not the changes in phasic, synaptic glutamate-may have revealed the effect of tonic zinc at lower frequencies. This hypothesis predicts that TBOA would increase the effect of ZX1 at all frequencies tested and therefore seems unlikely because TBOA did not have any effect on the magnitude of ZX1 potentiation at higher frequencies (Fig. 6B) . Together, the data support the conclusion that increased spillover of synaptic glutamate unmasks the effect of tonic zinc at lower frequencies. As a result, TBOA reduced significantly the difference of zinc modulation on extrasynaptic NMDAR EPSCs between WT and ZnT3 KO (Fig. 6C) , suggesting that tonic zinc becomes the main modulator of extrasynaptic NMDARs during conditions that allow increased glutamate spillover.
To summarize, we find that functional glutamate spillover is more extensive than synaptic zinc spillover and can activate extrasynaptic NMDARs not modulated by synaptic zinc (Fig. 6  D and E) . However, under these conditions, tonic zinc is sufficient to provide inhibitory modulation of extrasynaptic NMDARs (Fig. 6E) . Thus, synaptic and tonic zinc provide complementary modulation of NMDARs, ensuring that phasic activation of extrasynaptic NMDARs is always under the modulatory control of zinc (Fig. 6 D and E) .
Discussion Synaptic and Tonic Zinc Are Endogenous Modulators of Extrasynaptic
NMDARs. Whereas previous studies have shown modulation of synaptic NMDARs by endogenous zinc (7, 8, 12, 28) , our results unmask a role for endogenous zinc in tuning the response of extrasynaptic NMDARs. A consensus is emerging that synaptic and extrasynaptic NMDARs are associated with different intracellular signaling pathways and thus serve distinct signaling functions (40) (41) (42) . For example, synaptic NMDARs contribute to LTP, whereas both extrasynaptic and synaptic NMDARs are required for long-term depression (LTD) (42) . Moreover, although still controversial, recent results suggest that, in contrast to the overall neuroprotective roles ascribed to synaptic NMDARs (refs. 40 and 43), but see ref. 42 ), extrasynaptic NMDAR calcium influx triggers intracellular signaling cascades that can result in mitochondrial damage and cell death (40, 41, 44) . In support of this view, pathological up-regulation of extrasynaptic NMDAR activation has been associated with neurodegenerative disorders such as Alzheimer's and Huntington's disease (40, 45, 46) . We therefore propose that, by modulating extrasynaptic NMDARs, synaptic zinc may act as an endogenous neuroprotective agent.
Our study identifies a separate pool of zinc that is not ZnT3-dependent and that modulates neuronal excitability via tonic inhibition of extrasynaptic NMDARs. Because recent studies show that ZnT3-independent zinc inhibits spontaneous firing of DCN principal neurons (47) , the role of zinc in the mammalian CNS is even more general than previously thought: Zinc may fine-tune neuronal excitability even in brain areas that do not contain synaptic vesicles loaded with zinc.
Although we know that the source of tonic zinc is not ZnT3-dependent in DCN parallel fiber synapses, we do not know its origin. The SLC30 (ZnT) and SLC39 (ZIP) families of zinc transport proteins tightly control cellular zinc levels (48, 49) . Although the localization of ZIP and ZnT transporters is less well known, the opposing gradients of synaptic and tonic zinc as a function of the distance from synaptic terminals (Fig. 6E ) suggest a gradient with lower expression of ZnTs, which export zinc away from the cytosol into organelles or into the extracellular space, in the cleft and higher ZnT expression outside the cleft. Additionally, our results suggest a higher expression of ZIPs, which import zinc into the cytosol from organelles or from the extracellular space, in the cleft and lower ZIP expression outside the cleft. Moreover, the source of ZnT3-independent zinc may be neuronal or nonneuronal. In any case, additional studies are required for identifying the source of tonic, ZnT3-independent zinc as well as the mechanisms underlying the generation of opposing gradients of synaptic and tonic zinc.
When we increased glutamate spillover with TBOA, we found that tonic zinc had a dominant effect over synaptic zinc in inhibiting extrasynaptic NMDARs (Fig. 6) . Thus, tonic zinc, which is ZnT3-independent, can play a powerful endogenous neuroprotective role during pathological glutamate clearance, occurring, for example, following ischemia (50, 51). The emergence of tonic zinc as the main modulator under these conditions could also explain the absence of the severe CNS phenotype in ZnT3 KO mice (52) (but see also refs. 53 and 54) . We propose that events eliminating extracellular tonic, ZnT3-independent zinc levels may induce more severe CNS pathology than that observed in ZnT3 KO mice.
Our novel ratiometric zinc probe LZ9 allowed us to determine that ZnT3-independent tonic zinc is present in nanomolar-level concentrations sufficient to inhibit extrasynaptic GluN2A-containing NMDARs (Figs. 4-6 ). Because extrasynaptic NMDARs modulated by tonic zinc are pharmacologically indistinguishable from those modulated by synaptic zinc (Fig. 3D and Table S1), we assume that GluN2A-containing NMDARs mediate synaptic zinc inhibition in both cases (7, 19) . In our experiments, tonic zinc chelation brought about a ∼15% potentiation of extrasynaptic NMDARs (Fig. 5F ), indicating that the presence of tonic zinc had caused a ∼13% block of these receptors. At physiological pH, the maximum efficacy of zinc inhibition of GluN2A-containing NMDARs is ∼49% (20) . Thus, tonic zinc inhibits extrasynaptic NMDARs to ∼26% of its maximum efficacy. Because the IC 50 value for zinc binding to GluN2A-containing NMDARs is ∼60 nM (20), we estimate that tonic zinc levels are ∼10 nM. The low nanomolar values of tonic zinc reported by the probe are in good agreement with our electrophysiologically determined estimates (Fig. 4H) , which are based on the well-established, low-nanomolar sensitivity of endogenous NMDARs. Because low-nanomolar zinc levels enhance the activity of glycine receptors (55, 56) , our estimates of low-nanomolar tonic zinc levels are also consistent with recent studies showing that tonic zinc potentiates glycine receptors in DCN principal neurons (47) . We are therefore confident that the ratiometric probe is reporting accurate levels of tonic zinc. Although wide-field imaging of bath-applied, extracellular fluorescent zinc probes lacks the spatial and temporal resolution required for quantifying highly localized, rapidly generated, synaptic zinc signals, our ratiometric zinc probe is well suited for measuring tonic zinc levels, which are far less temporally and spatially restricted than synaptic zinc.
Previous electrophysiological studies presented conflicting results describing the ability of ambient, ZnT3-dependent zinc levels to modulate NMDARs in mossy fiber synapses (7, 12) . In one study, ZnT3-dependent tonic zinc levels modulated NMDARs in mossy fibers (12) , but more recent work reported no effect of ambient zinc on NMDARs in mossy fiber synapses (7) . The discrepancy is probably due to the use of CaEDTA (12) , which can chelate zinc from nanomolar-affinity zinc-binding sites, and tricine (7), which is unable to chelate zinc from nanomolar-affinity zinc-binding sites (Fig. 2) . Our studies, which used the highaffinity zinc chelator ZX1 (Fig. 2) , support a role for tonic, but ZnT3-independent, zinc in modulating extrasynaptic NMDARs in the DCN.
Prior studies also reported contradictory results regarding zinc spillover to neighboring synapses in hippocampal slices. One suggested that synaptic zinc may spread from its release site in mossy fibers and provide heterosynaptic modulation of synaptic NMDARs in stratum radiatum (57) , whereas another showed a lack of modulation of zinc in stratum radiatum synaptic NMDARs after mossy fiber stimulation (12) . The discrepancy may be due to the use of a cell-permeable zinc chelator by Ueno et al. (57) and the extracellular, but sluggish, zinc chelator used by Vogt et al. (12) . Our studies, which used the fast extracellular zinc chelator ZX1, support a role for synaptic zinc spillover in modulating extrasynaptic NMDARs in the DCN.
Tonic vs. Phasic Zinc Release. Although previous studies reveal that vesicular zinc is released during neurotransmission (7-9, 12, 13, 58, 59) , there remains a controversy about whether released synaptic zinc is free to diffuse, or whether it contributes to the generation of a tonic level of zinc in the extracellular space (3, 5, 10, 60) . Our results in the DCN show that, in response to brief trains of synaptic stimuli, phasic release of synaptic/vesicular zinc modulates extrasynaptic NMDARs. Consistent with our results, previous findings in the DCN also report the requirement of trains of action potentials for zinc-dependent activation of endocannabinoid synthesis and inhibition of probability of release in parallel fiber synapses (13) . In mossy fiber synapses, a recent study also suggests that short trains are required for zinc modulation of NMDARs, but this phenomenon was interpreted to be the consequence of slow kinetics of zinc inhibition of GluN2A-NMDAR (7, 61) . Importantly, this result contrasts with previous work from the same synapses, where one action potential was sufficient to reveal zinc-mediated NMDAR modulation (8) . Our results reveal that, although both tricine and ZX1 can rapidly chelate zinc (Fig.  2D) , only ZX1 can effectively prevent zinc from binding to highaffinity (nanomolar) sites (Fig. 2 B and E) . The inability of tricine to compete with high-affinity, low-nanomolar zinc-binding sites (Fig. 2B) and/or its time-dependent chelating effect (Fig. 2E ) may explain the inability of this reagent to reveal zinc modulation in NMDAR EPSCs in response to a single stimulus (7) . Our results with ZX1 in the DCN show that zinc modulates extrasynaptic, not synaptic, NMDARs-these receptors can be activated by trains of stimuli (Fig. 1B) or by a single strong stimulus (Fig. 1D ) that allows for glutamate spillover to extrasynaptic NMDARs.
In summary, this work establishes synaptic zinc as a neuromodulatory neurotransmitter that modulates the activity of extrasynaptic NMDARs, reveals a ZnT3-independent pool of tonic zinc that also modulates extrasynaptic NMDARs, introduces the ratiometric zinc sensor for measuring extracellular tonic zinc levels, and establishes ZX1 as a most efficient extracellular zinc chelator for studying synaptic zinc.
Materials and Methods
All animal procedures were approved by Institutional Animal Care and Use Committees of the University of Pittsburgh. Methods, data analysis, and statistics are provided in SI Materials and Methods.
